Abstract. Focusing high-power short-pulse lasers into a gasjet one can produce intense brilliant high-energy electron beams. The transport and acceleration of the intense electron beams requires the development of many new concepts in accelerator physics. Focusing these electron beams through an undulator one can realize an X-FEL or a γ-FEL, producing brilliant high-energy photon beams. With these intense monochromatic γ-beams high-brilliance, low-energy polarized microneutron beams can be generated via resonant (γ,n) reactions. The monochromatic γ-beams also open up new fields in nuclear physics. The compact, comparatively cheap laser systems and FEL's allow to produce brilliant particle beams, which offer interesting facilities "at home" with many applications.
INTRODUCTION
In 2002 A. Pukhov et al. [1] theoretically studied a new type of electron acceleration through laser plasma interaction which resulted in quasi-monochromatic low-emittance electron beams of several 100 MeV and bunch charges of nC. The experimental observation of these electron beams, called dream beams in a recent "Nature" publication [3, 4, 5] , triggered this new field of physics. Many challenging questions in accelerator physics open up: How to transport and manipulate these very intense electron beams, or increase their energy by cascaded acceleration?
When these laser-generated electron bunches interact with a laser field high-energy photons can be generated by Compton back-scattering. When the electron bunches are sent through an undulator coherent radiation can build up from statistical noise of spontaneous synchrotron radiation resulting in a so-called SASE-FEL (Self-Amplification of Spontaeous Emission), an X-ray laser of ultrahigh brilliance. All properties of a SASE-FEL depend in the simple 1-D theory on the FEL-parameter ρ, the Pierce parameter [9] . This Pierce parameter scales with the electron density n e by ρ ∝ n 1 ¢ 3 e . Since the electron bunches from laser acceleration have 10 5 £ 10 7 higher densities than electron bunches from classical acceleration, the ρ parameter here is typically a factor of 100 larger. This reduces the scale of the undulator by a factor of about 100 and also increases the tolerances with respect to energy spread and transverse emittance by the same factor. Thus combining laser acceleration with a planar 3-meter-long undulator at an undulator period of 1.5 mm, we expect for a 0.9 GeV electron beam 5 keV X-ray photons with 10 12 photons per pulse and 0.3% bandwith, 30 µrad beam divergence, 2 µm beam radius, 10 fs duration and nearly 100% polarization [16] . The much larger tolerance with respect to energy spread probably allows to reach much higher FEL photon energies, because the perturbing quantum fluctuations become relevant only at energies above a few MeV. Such a γ-ray laser requires the development of laser accelerated e-beams of up to 20 GeV which probably can be reached by cascaded laser acceleration. When increasing the beam energy the energy spread and the normalized emittance of 1 mm mrad has to be about maintained. In this way we predict MeV γ-rays with 10 9 photons per bunch with 10 7 bandwidth, 1 µrad beam divergence, 10 µm beam radius and 10 fs duration. With such a γ-laser one could produce low energy neutrons directly via isolated compound nucleus resonances in (γ,n)-reactions with typical cross sections of 10 -20 barn. The peak brilliance of such a neutron micro beam would be 10 8 -times larger than the best present neutron brilliances of 10 2 /[(mm mrad) 2 0.1%BW s] at classical neutron facilites, which produce neutron macro beams with much larger beam diameters after moderation.
These intense monochromatic γ-laser could lead to a new area of nuclear physics, similar to the situation in atomic physics and laser physics 40 years ago. The attractiveness of our design considerations for X-FEL's and γ-FEL's is that they are compact, relatively cheap and have a large potential in applications like e.g. nano-science, medicine or medical drug design. At the same time nuclear physics with high-energy monochromatic photons may develop a branch of wide-spread local activities, complementary to the present concentration of nuclear physics into a few large scale facilities like FAIR, LHC or EURISOL.
BUBBLE ACCELERATED ELECTRON BEAMS
Electron acceleration by lasers has been investigated for many years. Until recently only exponential electron energy spectra had been observed. The measured spectra could be nicely reproduced in PIC-code simulations [2] . In this way we observed at the ATLAS laser of the MPQ in Garching electrons accelerated by the scheme of an inverse free electron laser, accelerating electrons in the transverse laser field, which moved at the same time in an ion channel [6] .
The new scheme of bubble acceleration obtained by A. Pukhov and J. Meyer-terVehn [1] in theoretical simulations is based on the following: all electrons in front of a laser pulse are driven out to the sides and are electrostatically pulled back by the remaining electron void of positive ion charges after half a plasma oscillation. In this wave-breaking regime electrons are reinjected from the back into the ion cloud area forming a stem of electrons. The soliton-like ion cloud structure is very stable and follows the laser pulse with a group velocity determined by the plasma density. In this way the transverse oscillating electric laser fields are rectified into stationary longitudinal ion fields. Surprisingly nice monochromatic electron bunches with high intensities close to the Alfven-limit can be obtained.
The recent observation of "bubble acceleration" was unexpected, because the used laser fields were too weak und their duration was too long to reach the required wavebreaking regime. Afterwards, PIC code simulations showed that by self-focusing und self-shortening the laser pulses reached the parameters of the bubble regime after propagating for some time in the plasma. On the other hand the simulations explained why only in a few % of the shots monochromatic electron bunches were observed. This nonlinear self-focusing not always leads to the right laser conditions. Therefore one of the present aims of several laser laboratories is to start with laser pulses which meet the conditions of the bubble regime right from the beginning. The group of F. Krausz at the MPQ is setting up a laser system, where 8 fs pulses with sufficient intensity will be available. In this way we hope to perform laser acceleration obtaining monochromatic electron bunches under much more reproducible conditions. The unique features of the new laser acceleration scheme are that we reach 10 6 £ 10 8 times higher acceleration fields compared to classical accelerators. In this way GeV electrons beams can be obtained over fractions of a mm, where, classically, km long accelerators are required. Since classical accelerating fields could barely be improved during the last 10 years, this large increase in accelerating fields is also of interest for high energy physics. Especially, because in the future diode-pumped fibre lasers may reach comparable efficiencies ( 10%) from the plug to the electron beam like for classical acceleration. Also a large increase in average laser power is foreseen [17] . A further important difference is that the obtained densities of the electron bunches are 10 6 times higher than for classical beams. The longitudinal emittances are as good as for classical beams. Since the bunch duration is only a few fs, correspondingly, the energy spread is a few MeV. Here techniques of bunch rotation have to be developed if more monochromatic electron beams are required [18] . Also the normalized transverse emittance is as good as for classical beams. To keep the very small electron beam diameters, very strong focusing forces are required, which can be produced by lasergenerated ion clouds and their space charge forces. The repetition rate of these electron bunches is typically 10 Hz.
X-RAYS AND γ-RAYS FROM ELECTRON BEAMS
In a anti-collinear setup of an electron beam and a second laser-beam, photons can gain energy by inverse Compton back-scattering. The laser photons from the eV range are up-shifted by the relativistic Doppler effect to photon energies enlarged by 4 ¡ γ 2 , where the electron energy is E e ¢ γ ¡ m e c 2 [7] . Relativistic kinematics provides that the emitted radiation is confined to a narrow cone with half-angle 1/γ relative to the forward direction of the electron beam. With a narrow collimator close to 180 0 scattering can be selected, narrowing the energy spread and preserving the polarization of the laser photons. The Compton back-scattered photons are incoherently emitted, whereas we plan to obtain coherent photons with the concept of a FEL. While optical photons typically have a wavelength of 1 µm, present undulators have minimal undulator periods of a few 1 mm. Therefore the photon energies obtained from Compton backscattering are typically a factor of 10 3 larger than those obtained from undulators. Thus, for reaching the same photon energies, one needs more energetic electron beams in the FEL than for Compton scattering.
Undulator Radiation and FEL's
An undulator [10] is an arrangement of magnets with a periodic alternating dipole field direction characterized by the undulator period λ u ¢ 2π k u . An undulator and its electron motion is characterized by the dimensionless undulator parameter K ¢ λ u eB 2πm e c . The maximum deflection angle in an undulator is then θ max ¢ K γ. Due to the oscillatory electron motion synchrotron radiation is emitted with a wavelength λ in the laboratory system:
where n is the harmonic number, λ u the undulator period, γ the factor of the beam energy, and Θ the emission angle. FELs can be seeded (so-called FEL-amplifiers), but to enter the X-ray region, one would need much stronger X-ray-laser seeds than presently available. Therefore, the only way towards an X-FEL is the SASE ( Self-Amplification of Spontaneous Emission) principle [8] . Here the spontaneous undulator radiation is self-amplified without the need for seeding. In a SASE-FEL the radiation emitted by the electrons is so strong that the radiation acts back on the electrons. At the entrance of the undulator all electrons enter with the same energy, but are uniformly distributed in their phases relative to the radiation field. However, SASE makes a rotation in the phase space in such a way that the electrons reach a situation, where many of them have the same phase (at the cost of an increased energy spread): some electrons were accelerated, some decelerated in their longitudinal velocity. This modulation in longitudinal velocity leads to what is referred to as micro-bunching, that is, the majority of electrons is grouped in longitudinal space into small bunches which are significantly smaller than and separated by the wave length λ of the FEL. Therefore, all these electrons coherently emit radiation with wavelengths close to λ .
A SASE-FEL reaches saturation when the micro-bunching cannot go further due to the space-charge of the bunched electrons. The corresponding saturation length determines the length of the undulator one has to build. The typical length scale of a SASE FEL is the so-called gain length L g . Within the first 1-2 gain lengths there is no amplification due to the destructive interference between the FEL modes. After this length, an exponentially growing mode dominates and the radiation amplitude grows exponentially until its saturation level. The gain length [9] in the ideal 1-D case (i.e. without energy spread, emittance, and diffraction) reads L 1d
, with ρ being defined as the so-called Pierce parameter: ρ 1d
¤ n e with the electron bunch density n e , we obtain ρ ∝ n 1 ¢ 3 e . Thus the large electron density of laser generated or laser focused electron beams results in much larger Pierce parameters. In the X-ray regime and below diffraction plays no role, so the 1-D case is valid. The real gain length [9] , which takes into account energy spread and emittance is defined by:
Brilliances of X-ray sources where a second dimensionless parameter, the longitudinal velocity spread Λ normalized to the Pierce parameter has been introduced:
To calculate Λ we need the energy spread ∆γ γ , the transverse emittance ε¡ and the beta function λ β ¢ σ 2 ε¡ , where σ is the electron beam radius. It is obvious, that the gain length is increased the larger the energy spread and the emittance are. However, the larger ρ 1d parameter of laser-generated electron beams results proportionally in reduced requirements on energy spread and transverse emittance. Actually, the formula for the real gain length above is valid only for cases where Λ is smaller than unity. A general expression in form of a universal function is given in Ref. [11] . Besides these simple scalings we have performed the same simulations with which the two largescale facilities at DESY and SLAC were designed, namely the full time-dependent, three-dimensional GENESIS1£ 3 code [16] . With this simulation method, together with electron beam parameters gained by own PIC simulations, we estimate an undulator length of only 3 meters for X-ray photons with 5 keV energy and, correspondingly, a wavelength of 2.5 Å. In other words, these design considerations point towards the realization of a table-top XFEL with a peak brilliance comparable to other SASE-FEL's as shown in Fig. 1 .
The logical extension of an X-FEL towards a γ £ FEL is hindered in case of conventional FEL's due to the fact that their relatively small Pierce parameters set a relatively low limit for the energy spread additionally induced by the statistically emitted spon- taneous radiation. The emission of even a single photon in the energy range of MeV can change the kinetic energy of the emitting electron significantly, such that the electron energy is outside the FEL-bandwidth after emission. Thus, these so-called quantum fluctuations induce an additional energy spread which is soon larger than the Pierce parameter, hence erasing the SASE effect. The reason why we can extend the SASE principle even into the γ £ range is that our Pierce parameters are significantly larger. We have thus estimated that our design tolerates quantum fluctuations up to an electron energy of 20 GeV which is about the energy that the large-scale facilities need for their X-ray FELs. With our mini-undulators (periods of mm instead of 2-9 cm) we plan to produce MeV-photons by also using 20 GeV electrons.
BRILLIANT LOW-ENERGY NEUTRON MICRO-BEAMS
Present strong neutron sources (reactors, spallation facilities) have large volumes ( 10 6 cm 3 ) and small neutron densities ( 10 9 cm 3 ) after neutron moderation with an average flux of 10 15 /cm 2 s and a maximum average thermal brilliance of 10 2 /(mm mrad) 2 (0.1%BW)s. In Fig.2 the brilliances of neutron beams at the ILL reactor are shown, which are about a factor of 10 32 smaller than thoses of X-FEL's. At reactors neutron macro-beams with several cm beam diameter are obtained, while we want to produce neutron micro-beams with very small beam diameters ( µm) but much larger brilliance. With a two-stage FEL, with a monochromator inbetween, one can obtain a much smaler spectral width than with only one FEL where the relative bandwidth is typically 2 ¡ ρ. We propose using intense monochromatic γ-beams (∆E E 10 7 ) [19] and the (γ,n)-reaction to produce low energy directed neutrons beams. Converting very brilliant γ-beams into low energy neutron beams we lose many orders of magnitude in brilliance due to the isotropic neutron emission and the longer pulse duration of the slow neutrons, but still much more brilliant neutron beams, compared to classical facilities, can be obtained. For the (γ,n) reaction isotopes with a Breit-Wigner resonance are used:
g is the spin factor g
1£ 0 eV (S n = neutron separation energy, E i = level energy of final nucleus, M n =neutron mass). A large (γ,n) cross section has to be selected for a large yield of low energy neutrons. The maximum (γ,n) cross section is
, but typically 10-20 barn should be reached. We produce the low energy neutrons directly in a small volume, avoiding moderation which leads to the large classical neutron source sizes. The γ-recoil may be partially compensated by backward going neutrons. For a γ-beam of 10 8 /bunch (10 Hz) and 10 µm diameter, low energy (£ 1 eV) neutrons are produced in a small volume (10 6 cm 3 ) with higher density (10 11 cm 3 ) and a peak brilliance of 2 ¡ 10 12 /(mm mrad) 2 (0.1%BW)s and an average brilliance of 10 8 /(mm mrad) 2 (0.1%BW)s. This peak brilliance is 10 8 times and this average brilliance 10 6 times larger than present maximum neutron brilliances. Depending on the target spin, the neutron beams frequently are fully polarized. In the long term with fiber lasers much higher repetition rates and average brilliances will become possible. This much cheaper compact neutron source requires much reduced radioprotection. Such a neutron microbeam is well suited for small targets (e.g. for biology or nano-science) and matches the target situation for X-FEL's. It allows complementary studies to present neutron sources with large targets or colder neutrons.
NUCLEAR PHYSICS WITH MONOCHROMATIC KEV AND MEV PHOTONS
Nuclear physics with intense completely polarized γ-rays from classical FEL's (XFEL), synchrotron lightsources (PETRA) or tagged γ-ray facilities (MAMI, DALINAC) is a strongly growing field. It covers topics from nuclear structure spectroscopy over nuclear astrophysics to fundamental physics. Here, we want to replace the classical electron beams by laser generated electron beams and thus obtain much more compact γ-beams at home. The electromagnetic dipole response of nuclei close to particle threshold shows many interesting phenomena like: pygmy resonances, proton crust excitations, multiphonon states or scissors M1 excitations. Until recently many (γ,γ') reactions were studied with a continuous bremsstrahlung-spectrum. Here the use of monochromatic, tunable, completely polarized γ-rays leads to much better results. Examples are the measurements on nuclear resonance fluorescence, parity determination and nuclear break-up, which have been performed at the High Intensity γ Source user facility HIγS (Duke Univ.), where monochromatic γ-rays are produced by Compton back-scattering with a storage ring FEL [20, 21] . In the nuclear astrophysics of chronometers one could study the photoactivation of 180 Ta or 176 Lu, searching for low-lying inbetween levels. The non-existence of such a level would rule out the s-process production for 180 Ta [22] .
In fundamental physics one looks for the polarizability of nucleons, parity and time reversal violating terms [14, 13, 23, 24] and determines weak current contributions. All measurements can be compared to chiral perturbation theory and allow to determine the few effective parameters. In nuclei the large enhancement of small effects by level mixing is important. For recoilless Mössbauer emission very monochromatic γ-lines are obtained. Since recently frequency-combs are extended more and more towards the Xray region [12] this opens the door for precision frequency metrology in nuclei. The large hyperfine fields for different ionic states of the nuclei could be used to study magnetic and electric moment distributions of different nuclear states excited by monochromatic γ-rays. In this way the small relative nuclear level shifts for different ion configurations could be studied looking, e.g., for different proton charge radii in the hyperfine field.
